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A major challenge in toxicity is to define relevant in-vitro 

systems that accurately predict the effects in human. Recently, 

organ on chip with relevant physiological cellular microenvironment 

is predicted to be perfect platform to replace animal testing. In 

addition, vascularized system is suggested as efficient in-vitro 

model for studying complex biological phenomena in tissues. 

Therefore, this thesis is focus on application of multiscale 

microfluidic devices in developing new vascularized organ on chip 

for toxicity testing, which focus separately on skin and bone. 

 

For skin tissue engineering, creating in-vitro models of the skin 

is challenging, but advances have been made by numerous 

researchers in constructing skin on chip models. However, current 

models lack of perfusable and functional blood vessels which are 

crucial for drugs discovery and therapeutics strategies. Here, we 
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present a perfusable vascularized skin model in open-top 

microfluidic device by integrating the skin keratinocytes at the top 

layer and perfusable vessel networks at the bottom layer that 

mimicking the skin anatomy structure. Besides, this platform also 

convenient for various drugs and chemicals testing and thus can be 

an alternative platform to existing avascular skin models. 

 

As proof of concept, microfluidic device was developed as in-

vitro skin irritation model. In the absence of the vascularization in 

current in-vitro models, cells viability has been used as typical 

parameters for measuring toxicity level in skin irritation testing. In 

response to the chemical stimuli, keratinocytes secrete various 

cytokines and growth factors which promote angiogenesis and 

vascular permeability. The proposed skin irritation model assesses 

the toxicity of sodium lauryl sulfate based on quantification of 

angiogenesis within a microfluidic platform. The angiogenesis 

response was further observed by using steartrimonium chloride to 

show the potential of this platform in studying the irritation 

mechanism of uncommon agents. The proposed platform can be 

adapted as a potential platform for further skin toxicity assays in 

cosmetic and pharmaceutical testing applications. 

 

On the other hand, the ideal platform for engineering bone 

tissues should have suitable three-dimensional structures with 

interconnected pores due to the uniqueness of in-vivo bone 

microenvironment with inorganic mineral hydroxyapatite. Current 

in-vitro systems fail to fully integrate three-dimensional 

microvasculature with bone tissue microenvironment which 

decreases similarity of the in-vivo systems.  Here, mineralized 

microfluidic platform was developed for designing and manipulating 

a vascularized bone tissue model in a microfluidic device. In 
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response to various concentration of hydroxyapatite, the 

angiogenesis sprouts were sensitively controlled. This new 

mineralized microvascular platform offers a new approach for 

investigation of complex biological phenomena as well as for 

analysis of drug responses and toxicities in bone tissues. 

 

Besides, hydroxyapatite have been reported to have inhibitory 

function on the proliferation of many kinds of tumor cells. For 

further observation, a new mineralized tumor microenvironment was 

developed by incorporating tumor cells, stromal cells with 

hydroxyapatite in a microfluidic. Cancer cells characteristics 

including angiogenesis responses and tumor spheroids growth were 

observed with the effect of mineralized tumor microenvironment. 

Therefore, this study provides a novel in-vitro platform on 

mineralized tumor microenvironment that will be a valuable tool for 

understanding bone cancer metastasis phenomena. 

 

With the important of blood vessels in tissue engineering, 

vascularized skin and bone on chip was successfully developed to 

overcome the limitation in current in-vitro models. Although more 

studies are still required, the proposed skin and bone platform 

offers new approaches for analysis toxicities in bone and skin 

tissues. Thus, these platforms can be alternatives solution to meet 

the toxicity testing requirements in pharmaceutical and cosmetic 

industry. 

 

Keywords : microfluidic, bone, skin, angiogenesis, vasculogenesis, 

toxicity   
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Chapter 1. Introduction 

 

1.1 Challenges in Current Toxicity Testing 

 

Sequential series of tests in preclinical safety testing is a 

crucial step in pharmaceutical drug screening before administration 

to humans [1]. Previously, animal testing has been used widely in 

prediction the toxicology. However, a major challenge in toxicology 

is to define relevant in-vitro systems since animal models do not 

accurately predict the effects of chemical exposure in humans [2]. 

Therefore, many in-vitro assays have been developed for 

screening of molecules with a higher toxicity and for replacing the 

use of in-vivo tests [1].  

Recently, organ on chip platforms have showed highly potentials 

as alternatives to replace animal testing for biomedical, 

pharmaceutical and toxicological applications [3]. Organ on chip 

based on microfluidic devices have been engineered for the past 

few years to mimic the living tissues and organs for developing in 

vitro disease models, drug screening, as well as for human 

physiology study. This microengineering enables the incorporation 

of small devices into three-dimensional (3D) culture models to 

reproduce the complex microenvironment of the modeled organ [2]. 

In addition, the microvascular systems have been proposed as 

efficient 3D in-vitro models for studying complex biological 

phenomena in tissues. Besides enabling tissue type separation, 
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microfluidic devices simultaneously tuned biochemical stimulation 

including growth factors gradient steepness, which is important in 

many physiological events including during the stages of sprout 

elongation and lumen formation in blood vessels [4]. Therefore, 

vascularized organ on chip platform is suggested as alternatives to 

solve the current problems in toxicity studies. 

 

1.2 Toxicity and Skin on Chip 

 

As the largest organ, skin serves as an important barrier 

against exogenous substance penetration and has many other 

physiological functions [5]. Skin capillaries transport nutrients and 

oxygen to promote survival and integration of cells in thick artificial 

dermal tissue and removes waste products [6,7,8]. Skin exposure 

to chemicals, drugs or cosmetics can lead to a wide variety of skin 

reactions such as altered pigmentation, acne, cancer, sensitization 

and irritant contact dermatitis, which involves skin barrier 

disruption, cellular changes, and release of proinflammatory 

mediators [9,10,11]. 

Animal skin models have been banned widely in many countries 

especially in pharmaceuticals and cosmetics industry that resulted 

in highly demanded of in-vitro skin models to evaluate the toxicity 

and efficacy of drug candidates [12]. Current in-vitro skins models 

have been expanded from epidermal to full-thickness with others 

skin components since an ideal in-vitro 3D skin model should be 
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mimicking physiological functions by containing vasculature, 

immune cells, melanocytes and appendages to enable skin disease 

modelling, substance testing and personalized medicine [12,13,14]. 

Skin vasculature is important to allow perfusion of the dermal 

component for diffusion of nutrients and signaling molecules that 

enhances long-term survival and functionality of skin substitutes 

[12,15]. For example, during wound healing and skin repair, the 

ingrowth of new capillaries of angiogenesis were required to 

restore oxygenation and to allow the growth of new tissue at the 

wound space that resulted in the increasing three or more times of 

capillary content of wound tissue compared to normal uninjured 

tissue [16].  

The fabrication of human skin equivalents is generally consisted 

of multistep process including construction of dermal equivalents by 

culturing fibroblasts within biological or synthetic matrix, 

keratinocytes seeding on top of dermal equivalents and culturing the 

fibroblasts and keratinocytes at the air-liquid interface [17]. 

Developing a functional skin construct with multiple components is 

challenging since this process rely on precise control over density, 

structure and arrangement of such components in a 3D 

microenvironment [12].   

Compared to transwell system, skin on chip platform able to 

provide more efficient transport of nutrients, and thus more robust 

cells proliferation and differentiation which important in maintaining 

the viability of cells within a scaffold matrix to support a longer 

period of culture time [15]. In current in-vitro models, the 
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systemic delivery of substances is not being effectively 

recapitulated due to the lack of an endothelial barrier [12]. As the 

largest organ with various physiological functions, in-vitro 

vascularized skin tissue with perfusable vasculature is highly 

demanded for systemic delivery of drugs in-vitro drug screening 

studies [12].  

Advances have been made by numerous researchers in 

constructing skin on chip models through multiscale fabrication 

technologies. For example, skin on chip model based on co-

culturing monolayers of different cells were capable of simulating 

inflammation and edema [18]. However, this skin on chip models 

lack perfusable and functional blood vessels which are crucial for 

various skin physiological and pathological conditions. Establishment 

of vascular networks with perfusable and intact lumina are 

important for drugs discovery and therapeutic strategies [19]. At 

present, there are no reports of successful functional and 

perfusable vascularized microfluidic skin models.  

 

1.3 Toxicity and Bone on Chip 

 

Bone angiogenesis has important role for bone regeneration and 

repair [20]. On the other hand, the ideal platform for engineering 

bone tissues should have suitable 3D structures with interconnected 

pores due to the uniqueness of in-vivo bone microenvironment with 

inorganic mineral hydroxyapatite (HA) [21]. HA possesses 
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excellent mechanical properties, including high stiffness and 

toughness, and at the same time have good biocompatibility and 

bioactivity [22].  Synthetic HA nanoparticles have been used as an 

appetite substitute in biomedical applications to promote cell growth 

and to inhibit cell apoptosis [23]. However, current in-vitro 

methods either conventional or microfluidic platforms did not able to 

mimic the in-vivo bone angiogenesis that involved vessel sprouting 

within mineralized bone matrix. Incorporation of HA with the idea 

that bone matrix should have suitable 3D structures with 

interconnected pores to facilitate cellular activities while 

maintaining sufficient mechanical strength to support cell adhesion, 

proliferation, and differentiation. 

On the other hand, HA nanoparticles also been reported to have 

inhibitory function on the proliferation of many kinds of tumor cells, 

such as breast, colon, gastric cancers and hepatoma cells [24-29]. 

Thus, HA was reported has dual effects either as assisting tumor 

cells metastasis or anti-proliferation of tumors with the inhibitions 

of HA were much more significant on cancer cells than on normal 

cells. In addition, the complexity of in-vivo tumor 

microenvironment (TME) is due to various non-cancer cells, 

stromal cells, molecules and signaling pathways that influence 

cancer cells metastasis [30,31]. Previously, microfluidic device has 

been developed to investigate breast cancer metastasis and 

extravasation, but without considering the importance of mineralized 

environment [32]. At present, there are no reports of in-vitro bone 

models that comprise mineralized microenvironment.  
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1.4 Purpose of Research 

 

The aim of this research is application of multiscale microfluidic 

device in developing vascularized organ on chip as a new paradigm 

in toxicity studies, which focus separately on skin and bone. 

Chapter one describes the important of organ on chip development 

for toxicology studies. Therefore, in this thesis, skin and bone 

models with relevant in-vitro systems were developed for toxicity 

testing.  

Chapter two is about the development of vascularized skin on 

chip as an alternative platform to existing avascular skin models. 

New multicellular co-culture system for skin vascularization was 

developed by integrating the skin keratinocytes and perfusable 

vessel networks in a multilayered microfluidic device to mimic the 

anatomy structure. In chapter three, as proof of concept, co-culture 

system of keratinocytes and endothelial cells was developed for 

mimicking skin irritation model in a microfluidic device, as an 

alternative to current transwell irritation assay.  

 Chapter four is about the development of vascularized bone on 

chip. Mineralized matrix was developed by incorporating 

hydroxyapatite synthetic materials in microfluidic to mimic in-vivo 

bone 3D structures with interconnected pores to facilitate cellular 

activities while maintaining sufficient mechanical strength. In 

chapter five, the effect of mineralized matrix in tumor 

microenvironment was further observed since hydroxyapatite 

nanoparticles also have been reported to have inhibitory functions 
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on the proliferation of tumor cells. Therefore, this mineralized 

microfluidic platform was proposed as a new tool in developing bone 

tissue model for toxicity studies.  
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Chapter 2. Development of New In-Vitro 

Platform for Skin Vascularization in Microfluidic 

 

2.1 Introduction 

 

One of essential keys for the successful outcome of skin tissue 

engineering is to provide a vascular network that able to promote 

survival and integration of cells in thick artificial dermal. Thus, 

various approaches have been done to develop vascularization in 

skin tissue engineering including the incorporation of various types 

of cells from different origin such as bone marrow, fat and blood 

vessel [33]. However, these conventional platforms still have many 

limitations and disadvantages to meet the skin biologically complex 

system which is rich with capillaries that transport nutrients and 

oxygen in the blood for tissue metabolism [6-8].  

Creating in-vitro models of the vascularized skin is challenging 

due to difficulties in establishing co-culture conditions, and at the 

same time recapitulating the 3D anatomy of the skin [14]. Advances 

have been made by numerous researchers in constructing 

microfluidic skin culture platforms to mimic physiologically relevant 

blood flow. In most of developed microfluidic platforms, the dermal 

compartment of skin is not in direct contact with the vasculature 

and is usually separated from the vasculature by a permeable 

membrane, which introduces an additional and non-physiological 
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diffusion barrier [15, 18, 34, 35]. Recently, skin-on-chip model 

based on co-culture of cells monolayers have been developed 

recently and showed the ability in simulating inflammation and 

edema [18]. Besides, in some of the platforms, skin models have 

been constructed outside the chip and then transferred to the chip 

[34]. However, this transferring process can cause inconsistency in 

the immobilization process, and lead to variable experiment results 

of skin equivalents [15]. 

Therefore, current microfluidic skin-on-chip models lack 3D 

perfusable and functional blood vessels which are important for 

drugs discovery and therapeutics strategies [19]. Here, we 

engineered a new skin-on-chip model by integrating skin 

keratinocytes and endothelial cells with the support of lung 

fibroblasts in a device. We integrated the skin keratinocytes at the 

open top layer and perfusable vessel network at the bottom layer 

that mimicking the skin anatomy structure while maintaining the 

interactions between these two types of cells.  

 

2.2 Materials and Methods 

 

2.2.1 Fabrication of Devices 

 

The device is fabricated based on conventional photolithography 

and soft lithography method as previously published by our group 

[36]. Briefly, the top and bottom parts were prepared separately 
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and irreversibly bonded together at the end. For the bottom part of 

the device, the pre-mold was plasma treated (FEMTO Science) and 

irreversibly bonded to a glass slide. Then, Teflon (DuPont, USA) 

was filled into the patterns and completely dried to obtain an anti-

adhesive patterned surface. The pattern was filled with degassed 

polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning) and was 

polymerized before was removed from the glass slide manually to 

derived micropore-embedded membrane with the micropore size is 

200 µm. For the top part, the prepared PDMS molded was prepared 

by punching out a hole for the reservoir in the middle. Next, the top 

part and pre-mold for the bottom part were irreversibly bonded 

with plasma treatment. Finally, the pre-mold was gently removed, 

leaving a microstructure layer on the top part. After punching out 

the holes for reservoirs and inlets, the devices were bonded to the 

coverslip and were stored in dry oven for 24 h before experiment to 

maintain hydrophobicity. 

 

2.2.2 Cells Culture 

 

Human epidermal keratinocytes neonatal (HEKn) were 

purchased from Gibco. Human umbilical vein endothelial cells 

(HUVEC) and human lung fibroblasts (LF) were purchased from 

Lonza. HUVEC were cultured in endothelial growth medium (EGM, 

Lonza). LF were cultured in fibroblast growth medium (FGM). 

Keratinocytes were cultured with Epilife (Gibco) medium containing 

human keratinocytes growth supplement (HKGS, Gibco).  For all 
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cells, the mediums were changed every other day and the cells 

were subcultured before reaching 80% confluency. Keratinocytes 

passages 3, HUVEC passages 4, LF passage 6 were used for the 

experiments. 

 

2.2.3 Keratinocytes Seeding 

 

Prior keratinocytes seeding, micropore-embedded membrane 

at the open top chamber were coated with the thin Collagen I (Rat 

Tail) at 50 µg/mL. Collagen I (Gibco) 3 mg/mL were diluted with 

acetic acid to desired 50 µg/mL. The device was incubated for 1 h 

at 37 °C and 5% CO2 to allow collagen polymerization. Prior cell 

seeding, the devices were washed few times to remove remaining 

acid. Dissociated human keratinocytes (Gibco) were suspended in 

Epilife (Gibco) at 0.15x106 cells/mL before seeding on top of 

micropore-embedded membrane.   

 

2.2.4 Vasculogenesis Procedure  

 

The fibrin matrix was prepared by dissolving 2.5 mg/mL bovine 

fibrinogen (Sigma) in PBS (Gibco) and supplemented with aprotinin 

(0.15 U/mL, Sigma) prior mixing with the EGM medium. Thrombin 

(0.5 U/mL, Sigma), was added to the mixture before left to clot at 

room temperature for 5 min (Kim et al., 2013). The main channel 

was filled with fibrin prior cell seeding. For vasculogenesis, HUVEC 

(7x106 cells/mL) in fibrin were injected at middle channel with the 
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support of LF (7x106 cells/mL) in fibrin from both side channels to 

provide critical growth factors for vessel formation at the bottom 

layer. Following vessels maturation, keratinocytes (0.15x106 

cells/mL) were seeded inside the open chamber at the top layer of 

the device. Keratinocytes were maintained with Epilife medium 

inside the open top chamber whilst blood vessel were maintained 

with EGM from side medium chambers.  

 

2.2.5 Angiogenesis Procedure 

 

For angiogenesis, fibrin was injected at middle channel with the 

support of LF (7x106 cells/mL) at one side channel to provide 

critical growth factors for vessels formation. Human keratinocytes 

(0.15x106cells/mL) were seeded inside the open chamber at the top 

layer of the device. Following the confluency of keratinocytes after 

3 days, HUVEC in fibrin (7x106 cells/mL) were adhered at the 

middle channel fibrin by tilting microfluidic chip at 90° for 30 min 

[19].  

 

2.2.6 Air-Liquid Interface in Microfluidic   

 

Human keratinocytes (0.15x106 cells/mL) were cultured with 

growth medium for 3 days. Growth medium inside the open-top 

chamber were aspirated and left to be exposed to the air. 

Differentiation medium was prepared by adding additional Calcium 

(CaCl2) with 20 mM as final concentration in Epilife medium. After 
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two days of airlift, HUVEC in fibrin (7x106 cells/mL) were adhered 

at the middle channel fibrin by tilting microfluidic chip at 90° for 30 

min. For co-culturing in air lift condition, left channel was supplied 

by EGM medium and right channel were supplied with Epilife 

differentiation medium. The interaction differentiated keratinocytes 

and endothelial cells were observed for additional 9 days with 

regular changes of medium every other day.  

 

2.2.7 Air-Liquid Interface in Transwell  

 

As comparison, epidermis reconstruction was also conducted 

based on standard transwell. For co-culture with dermal fibroblasts, 

keratinocytes (0.15x106 cells/mL) suspension were cultured on 

dermal fibroblasts (1.4x106 cells/mL) that were mixed with fibrin 1 

week earlier. Human dermal fibroblasts (HDF, Lonza) were cultured 

in fibroblast growth medium (FGM). For monoculture system, 

human keratinocytes (0.15x106 cells/mL) were cultured directly on 

the transwell membrane. For both conditions, keratinocytes growth 

medium was supplied at both top and bottom. After reaching the 

confluent, growth medium inside the transwell were aspirated and 

left to be exposed to the air. The medium at the bottom were 

changed with the Epilife differentiation medium. The medium was 

changed every other day and were left for additional 11 days.   
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2.2.8 Immunostaining and Imaging  

 

For vessels observation, samples were stained and incubated 

overnight at 4 °C for CD31 with primary antibodies (Mouse 

monoclonal antibodies Alexa Fluorl 488) conjugated with 

fluorescent marker CD31 with dilution 1: 200. On the next day, the 

cells were stained with Hoechst 33342 (1:1000) for 1 h of 

incubation at room temperature. For keratinocytes imaging, the 

samples were stained with K14 and followed with the second 

antibody and Hoechst 33342 after overnight. Stained samples were 

examined using a FluoView FV1000 confocal laser scanning unit 

with the IX81 inverted microscope (Olympus) and were processed 

by IMARIS software (Bitplane) for further quantification and 

analysis. 

 

2.3 Results and Discussion 

 

2.3.1 Fabrication of Devices 

 

Skin is consisted with three main components which are 

epidermis, dermis and blood vessels, as shown in Figure 2.1A. 

Literally, these three skin components are located horizontally 

which each other. To comply with this structure, we used the 

multilayer device that have been developed previously [36]. 
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Figure 2.1 Engineering skin with perfusable vessels on a chip. (A) 

In-vivo skin structure with epidermis, dermis and blood vessels. 

(B) Schematic of device fabrication (C) Configuration of different 

cells and mediums for perfusable skin on chip. 
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The platform is consisted of open chamber on the top and 

microfluidic channel at the bottom, which was separated by thin 

micropore-embedded membrane in the middle as shown in the 

Figure 2.1B. To engineer skin on a chip, we co-cultured the 

keratinocytes within the open-top chamber and endothelial cells 

with fibroblasts at the bottom channel, as shown in Figure 2.1C. The 

advantage of this device was 200 µm micropores that were 

connecting upper and lower section horizontally which allowing the 

interaction between keratinocytes at the top layer and blood vessel 

network at the bottom layer. Besides, open top chamber provided 

additional medium perfusion that can enhance the stability of the 

culture environment. Therefore, this microfluidic platform complied 

with in-vivo skin that consists of dermis and epidermis layer which 

is horizontally embedded with underneath blood vessels.   

In our platform, fibrin was used as the based matrix for 

enhancing blood vessel formation as well as the dermis 

representative. Fibrin has been used widely as acellular matrix for 

blood vessel formation. In many construction of dermal equivalents, 

biological or synthetic matrix were used such collagen, fibrin, 

glycosaminoglycans and synthetic polymers [17]. Although collagen 

has been used widely, fibrin-based matrix has been proofed able to 

highly reproducible platform of in-vitro human skin equivalents 

based of fibrin based dermal matrix has been developed [37]. 

These skin equivalents were superior to conventional collagen 

based matrices in terms of absence of shrinkage of the matrix and 

superior epidermis [37]. Thus, fibrin based in-vitro human skin 
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equivalents mimic the normal human skin in terms of well-defined 

stratified layers, expression of differentiation marker and similar 

lipid compositions [37].  

 

2.3.2 Endothelial Cells and Keratinocytes Behavior 

 

Before integration within one device, we observed the behavior 

of endothelial cells and keratinocytes in separate device. Figure 2.2 

shows the endothelial cells morphogenesis into blood vessel when 

co-culturing with lung fibroblasts with the supplied of EGM medium 

at the top and bottom chamber. HUVEC was used as vascular 

precusor cells and blood vessels formation were supported by 

fibroblast via secretion of pro-angiogenic growth factors and 

extracellular matrix proteins [19]. The processes of new blood 

vessels formation require the establishment of functional vascular 

loop to prompt the survival and stabilization of newly formed 

vessels as well as physiological function and homeostasis.  

On the hand, Figure 2.3 shows the proliferation of keratinocytes 

monoculture on top layer of open-top device. Micropore-embedded 

PDMS membrane were coated with collagen prior the keratinocytes 

cell seeding. Morphology of keratinocytes can be examined using 

immunofluorescence staining. After 4 days of culturing, the 

keratinocytes able to make a confluent layer on micropore-

embedded membrane, observed by Keratin 14 (K14) staining. 
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Figure 2.2 Formation of blood vessel in open-top microfluidic 

device. (A) Cells and medium configurations and (B) bright-field 

images of vasculogenesis after 5 days.  
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Collagen has been widely used for skin engineering because of 

its high biocompatibility and representing of extracellular matrix 

components in the native skin [38]. However, collagen itself have a 

few disadvantages in term of its poor mechanical properties that 

leading to contraction, fast degradation, poor stability that resulted 

in limited lifespan. Therefore, here we used PDMS thin membrane 

with 100 µm thickness as the anchor to support the collagen 

attachment. PDMS substrate itself have been reported to enhance 

keratinocytes proliferation [39]. Compare to PDMS only substrate, 

combination of collagen and PDMS membrane able to stabilize the 

keratinocytes proliferation. 

In our developed platform, keratinocytes were seeded directly 

on the collagen-coated PDMS membrane. Previously, PDMS have 

been reported to influence keratinocytes with stiffer PDMS 

substrate favored keratinocytes proliferation and spreading [39]. 

Human keratinocytes are mechanosensitive towards the stiffness of 

a PDMS substrate [39]. The stiffness of induced mechanical signal 

reached to nucleus and caused nuclear mechanotransduction. 

Variation in the stiffness of the PDMS substrates results in 

modulation in the morphology, proliferation and signal cascades in 

keratinocytes cells. On the other hand, K14 is a prototypic marker 

of dividing basal keratinocytes that supports the maintenance of 

epidermal cell shape besides providing resistance to mechanical 

stress [40]. 
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Figure 2.3 Keratinocytes proliferation in open-top microfluidic 

device. (A) Cells and medium configurations for keratinocytes 

monoculture and (B) proliferation after 4 days. Samples were 

stained for K14(red) and nuclei (blue).  
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2.3.3 Vasculogenesis with Keratinocytes   

 

With this microfluidic device, blood vessels can be established 

either based on vasculogenesis or angiogenesis formation. For both 

conditions, cells and mediums configurations were based on Figure 

2.1C, with Epilife medium on the top and EGM medium at the bottom 

channel. For vasculogenesis, the integration of keratinocytes and 

vascular networks were well observed, as shown in Figure 2.4. 

Vascularization process was fully complete after 4 days and was 

maintained for co-culturing with keratinocytes for additional 3 days. 

As shown in Figure 2.4A-B, the lumenized vascular were fully 

formed and the blood vessels fully cover the main channel with the 

width of 1200 µm. Figure 2.4A also showed that keratinocytes were 

well proliferated with this co-culture system.  

Vasculogenesis involves the endothelial cells proliferation and 

differentiation for blood vessels formation. In this platform, lung 

fibroblasts were seeded at both side channels as growth factor 

sources. Lung fibroblasts secreted signaling molecules that gave 

impact on vasculogenesis properties of endothelial cells such as 

vascular endothelial growth factor (VEGF). After seeding, HUVEC 

displayed elongated morphology and assembled into tubule-like 

structures encompassing a nascent lumen. Further development of 

the vasculature resulted in interconnected networks occupying 

extended areas of fibrin matrix, followed by the enlargement of 

lumina [19].  
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Figure 2.4 Integration of vasculogenesis and skin keratinocytes for 

3 days. (A) Confocal image of perfusable blood vessels after 7 days 

and keratinocytes proliferation after 3 days, (B) 3D construction of 

the device and (C) cross-section image of lumens formation. CD31 

(green), K14 (red) and nuclei (blue). 
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As shown in Figure 2.4C, micropore-embedded membrane 

allowed the interaction between top and bottom layer that allowing 

the communication between both cells. Compared to others skin on 

chip, one of the advantages of our developed platform was two 

different culture mediums that corresponding for each cell types can 

be used within a device. Based on previous report, this platform has 

been suggested to allow the introduction of different medium inside 

and outside the microvessels [36]. Medium that was introduced into 

the medium channel can travel through the microvessels network to 

the other medium channel when a perfusable vessel was assembled. 

On the other hand, the medium who was delivered through 

micropores could not cross the vessels barrier immediately [36]. 

Thus, this microfluidic platform shows the reliable results in co-

culturing both types of cells with good medium supplying. 

 

2.3.4 Angiogenesis with Keratinocytes 

 

Under certain physiological and pathological conditions, skin 

initiated rapid angiogenesis by balancing the angiogenic stimulators 

and inhibitors to create proangiogenic environment in generating 

new blood vessels from preexisting vessels [41]. Therefore, is 

important to establish vessel networks that mimicking angiogenesis 

morphogenesis. Figure 2.5 shows the angiogenesis vessels 

sprouting that was integrated with keratinocytes. The growth of the 

angiogenic sprouts were observed after 4 days.  
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Figure 2.5 Integration of angiogenesis networks and skin 

keratinocytes for 4 days. (A) Confocal images of perfusable blood 

vessels after 4 days and keratinocytes proliferation after 7 days, 

(B) cross-section of lumens formation and (C) 3D construction of 

the device. CD31 (green), K14 (red) and nuclei (blue). 
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Conditions such as skin aging, wound healing, hair growth, skin 

neoplasis, vascular tumors, inflammatory dermatoses, bullous 

diseases and psoriasis, eczema, hemangioma, angiofibroma, sunburn, 

infrared rays and heat enhancing the formation of skin angiogenesis 

[41]. Following confluent of keratinocytes monolayer after 3 days, 

endothelial cells were attached at left side of center channel and 

were sprouting within the fibrin bed due to growth factors that were 

secreted from LF at the opposite side channel. Blood vessels and 

keratinocytes were well-proliferated, and the lumens also well 

observed. Moreover, cross-sectional images of blood vessels 

showed the presence of a continuous, hollow lumen along the length 

of the vessels. Once the sprouting had been initiated, the tip cells 

guided the growth of sprouts across the fibrin matrix until they 

reached the opposite end of the channel [19]. On the other hand, 

the supplying of medium at the top and bottom allowing longer 

culture time which is advantages for many types of applications. 

Previously, this platform has been reported enable to long-term 

culture of large-scale microvessel networks due to fluid 

connections through micropores [36].    

 

2.3.5 Integration under Air-Liquid Interface  

 

Here, we also observed the interaction between blood vessels 

and keratinocytes under air-liquid condition, as shown in Figure 2.6 

and Figure 2.7. The findings were compared with epidermis 

reconstructed in a standard transwell, as shown in Figure 2.7C. 
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Figure 2.6 Integration of keratinocytes and blood vessels under air-

liquid interface in open-top microfluidic device. (A) Front view of 

the device to show the cells and mediums configuration under air-

liquid condition. (B) Blood vessels after 9 days of co-culture with 

keratinocytes. 
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Figure 2.7 Epidermis under air-liquid interface. (A-B) 

Keratinocytes and bloods vessel co-culture in open-top device 

after 11 days. (B) Keratinocytes and fibroblasts co-culture in 

standard transwell. Sample were stained for K14(red) and 

K10(green).  
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In-vivo, keratinocytes undergo differentiation in the process of 

epidermis reconstruction. One of important factors in epidermis 

reconstruction is the unique culture process at air–liquid interface 

that mimics the physiology of skin by providing nutrition from 

dermis and exposure of the keratinocyte surface to air [17].  

Keratinocytes deposited into open-top chamber undergo 

differentiation for 2 days before co-culturing with endothelial cells 

for the rest 9 days. Immunofluorescent analysis was carried out to 

analysis the nature of keratinocytes differentiation. As shown in 

Figure 2.7, expression of K14 was obviously observed for all 

conditions. Expression of K10 was detected in suprabasal cells 

where this intracellular structural protein is specifically synthesized 

in normal skin. Our skin chip and conventional transwell-based skin 

model showed both expression of K10 and K14. However, there 

was strong suprabasal expression of K10 for transwell model.  

 

In our study, we observed the integration of skin with 

vasculogenesis or angiogenesis for up to 7 days under normal 

condition and up to 14 days for air lift condition. During skin 

differentiation period, constant tissue environment is needed since 

this culturing step requires a long culture time for about 14 days 

[15]. Thus, microfluidic chip is suitable alternative that have ability 

in maintaining and differentiating skin-constituting cells on chip. 

Thus, microfluidic platform can be a more valuable, physiologically-

relevant in vitro skin model [15].   
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2.4 Conclusions 

 

The integration of skin keratinocytes with perfusable vascular 

networks was successfully developed to recapitulate the skin 

anatomy of epidermis with embedded blood vessels in a 

multilayered microfluidic device. Microfluidic channels at the bottom 

allowed the co-culturing of endothelial cells and lung fibroblasts for 

stimulating blood vessels formation, whilst open-top chamber 

allowed the seeding of keratinocytes on micropore-embedded 

membrane that close to epidermis formation within conventional 

transwell system.  

Depends to the purpose of application, both angiogenesis and 

vasculogenesis developed by our platform can be used for future 

study. Vasculogenesis platform can be used for drug testing by 

introducing the drugs through open-top chamber or via the vessels.   

For future study our angiogenesis platform can be used as new 

model of skin irritation testing since previous in-vitro models were 

based on transwell system that mostly based on cell viability as a 

common indicator for the toxic potential of chemicals [42-44]. For 

example, chemical irritants such as sodium lauryl sulfate has been 

reported to increase significantly VEGF in keratinocytes by 

affecting the gene transcription of VEGF [45]. Therefore, by 

observing the change of vascular responses after chemicals 

treatment, the level of skin irritation can be predicted, and the 

findings can be used as alternative references in cosmetic testing. 
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This microfluidic device also demonstrated both proliferation 

and differentiation phases for keratinocytes that show the potential 

to replace current transwell system.  Besides, open-top chamber 

also enables various chemicals testing to be apply for future works 

that currently based on transwell system. Therefore, this platform 

can be an alternative platform to existing avascular skin models for 

toxicity testing of various cosmetic ingredients and pharmaceutical 

drugs.  
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Chapter 3. Application of Microfluidic for Skin 

Irritation Investigations 

 

3.1 Introduction 

 

Keratinocytes represent major epidermal cells and play as an 

initiator in skin inflammatory and immunological reactions along with 

Langerhans cells and melanocytes [46]. While quiescent 

keratinocytes produce some cytokines constitutively, physical or 

chemical stresses can induce the secretion of various inflammatory 

cytokines, chemotactic cytokines, growth-promoting factors, 

transforming growth factors and other signaling factors that rapidly 

generate cutaneous inflammation [46]. The close resemblances 

between angiogenesis and inflammation have been reported in 

various skin diseases that require vascular remodeling with 

angiogenesis and lymphangiogenesis [45].  

Epidermal injury resulted in skin inflammation due the 

upregulation of VEGF that promotes angiogenesis and vascular 

permeability [11,45,47]. VEGF stimulates basal keratinocytes 

hyperproliferation to produce interleukin-8, which stimulates the 

increasing of VEGF production, resulting in new capillary branch 

sprouting in dermal endothelial cells [47]. In addition, upper dermal 

angiogenesis dependent on keratinocyte VEGF production, as 

confirmed by a selective VEGF knockout resulted in an upper 
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dermis specific decrease of microvasculature [48].  

On the other hand, previous in-vitro models of skin irritation 

were based on transwell systems [42,43]. In the absence of the 

vascularization in current in-vitro models, cell viability based on 

MTT conversion has been used as typical parameters for measuring 

skin irritation cascades [49]. However, through the validation study 

of five in-vitro MTT conversion models, the ECVAM (European 

Centre for the Validation of Alternative Method) concluded that 

cytotoxicity alone does not enough to predict irritation [50]. 

Therefore, the mechanisms of irritation responses still are not 

clearly understood in a quantitative manner [51]. In addition, 

current in-vitro skin irritation measurements were based on 

observing changes in morphology and gene expression as well as 

through observing transepidermal water loss, skin capacitance and 

erythema, release of inflammatory cytokines and neuropeptides 

[51,45].  

Due to the absence of visible signs or symptoms compared to 

in-vivo testing, biomarker quantification is inevitable for the 

assessment of irritant responses in in-vitro assays [52]. 

Consequently, cytokine and other biomarker detection methods 

were developed for irritant and sensitizer exposure assays based on 

keratinocyte cultures [52,53]. Consequently, VEGF has been 

suggested as a novel biomarker for keratinocyte damage in skin 

toxicity testing, due to the significant role of VEGF in pathological 

alteration of keratinocytes under various skin disorders with the 

prominent induction of VEGF [54]. Therefore, the purpose of this 
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chapter is to propose a skin toxicity model based on angiogenic skin 

platform with the integration of keratinocytes, dermal fibroblasts 

and endothelial cells in a microfluidic device.  

 

3.2 Material and Methods 

 

3.2.1 Fabrication of Devices  

 

The microfluidic chips were fabricated by using 

polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning) with 

channel structures that was patterned by standard photolithography 

and soft lithography. The microfluidic design is generally based on 

single channel perfusable blood vessel device [19]. Here, the 

device was modified with double channels to allow direct contact 

between human dermal fibroblasts (HDF) and keratinocytes. 

 

3.2.2 Cells Culture and Cells Seeding 

 

Angiogenesis cells seeding was conducted based on established 

procedure [19], as shown in Figure 3.2. The left channel was filled 

with fibrin-HDF matrix.  The fibrin-HDF matrix was prepared by 

dissolving 2.5 mg/mL bovine fibrinogen (Sigma) in PBS (Gibco) and 

supplemented with aprotinin (0.15 U/mL, Sigma) prior to mixing 

with the 2x106 cells/mL of HDF (Lonza) in endothelial growth 

medium (EGM, Lonza).  Thrombin (0.5 U/mL, Sigma), was added 
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to the mixture and left to clot at room temperature for 5 min. 

Human epidermal keratinocytes (Gibco) were suspended in Epilife 

(Gibco)at 5x106 cells/mL before mixing with fibrin matrix and then 

were injected into right channel. After the fibrin gel polymerization, 

EGM and Epilife medium were added to the designated reservoirs. 

The device was incubated for 24 h (37 °C and 5% CO2) to dissipate 

air bubbles and to let fibroblasts become established within the 

fibrin gel matrix. On the next day, HUVEC (Lonza) suspended in 

EGM a concentration of 5x106 cells/ml were adhered at the fibrin-

HDF surface of left channel by tilting microfluidic chip at 90 

degrees for 30 min. 

 

3.2.3 Effect of SLS on Keratinocytes 

 

For microfluidic irritation model, following overnight incubation 

after cell seeding, keratinocytes (5x106 cells/mL) in fibrin were 

treated with 0 µM, 10 µM, 20 µM and 30 µM SLS by adding the SLS 

stock solution into Epilife at right medium reservoir. The medium at 

left reservoir was maintained with EGM. The samples were 

observed for cell viability properties such as tight junction, basal 

keratin and live dead assay. For cell viability quantification after 

SLS treatment, keratinocytes (0.05x106 cells/mL) were cultured in 

24 wells for few days until reaching the confluent and then were 

treated with final solution of 0 µM 10 µM, 20 µM and 30 µM SLS in 

Epilife for 4 days.  

 



 

 ３５ 

3.2.4 Effect of SLS on Angiogenesis 

 

For microfluidic skin irritation model, following overnight 

incubation after angiogenesis cell seeding, keratinocytes in fibrin 

were treated with SLS. The keratinocytes were treated with 0 µM, 

10 µM and 20 µM SLS by adding the SLS stock solution into Epilife 

at right medium reservoir. On the other hand, the medium at left 

reservoir was maintained with EGM. The SLS treatment was 

conducted for 4 days with regular medium changing after 2 days. 

The samples were fixed and stained for further analysis of vessel 

sprouting.  

 

3.2.5 Effect of Steartrimonium Chloride 

 

After 2 days of cells seeding in the microfluidic channel, 

keratinocytes (5x106 cells/mL) in fibrin were treated with 0 µM, 10 

µM, 20 µM, 60 µM and 100 µM to observe the effect of 

steartrimonium chloride on keratinocytes proliferation. For 

observing the effect towards angiogenesis formation, following 

overnight incubation after HUVEC cells seeding, keratinocytes 

(5x106 cells/ml) in fibrin were treated with 0 µM, 10 µM, 20 µM, 

and 60 µM steartrimonium chloride by adding the into Epilife at right 

medium reservoir. The medium at left reservoir was maintained 

with EGM. 

 



 

 ３６ 

3.2.6 Immunostaining and Imaging  

 

For blood vessels imaging, samples were stained with CD31 

primary antibody (conjugated with fluorescent marker). On the next 

day, the samples were stained with Hoechst 33342 for 1hr of 

incubation at room temperature. The samples were washed three 

times and stored in PBS before imaging. For basal keratin imaging, 

the samples were stained with K14 primary antibody and followed 

with the second antibody and Hoechst 33342 after overnight 

incubation. For tight junction imaging, the samples were fixed and 

were stained with Claudin-1 and Hoechst 33342 for further 

qualification and quantification. For cell viability assessment, live 

samples were stained directly with Live Dead Assay Kits 

(Invitrogen Molecular Probes) based on standard procedure with 

incubation at room temperature for 20–40 min before confocal 

imaging. All samples were examined using a FluoView FV1000 

confocal laser scanning unit with the IX81 inverted microscope 

(Olympus). Confocal images were processed by IMARIS software 

(Bitplane) for further quantification and analysis.  
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3.2 Results and Discussion 

 

3.3.1 Microfluidic Device Configuration 

 

Current in-vitro skin irritation models are based only on 

evaluation of cell viability, morphology changes, gene expression 

and cytokines analysis. However, chemical irritants also can be 

explained based on angiogenesis mechanism due to the upregulation 

of VEGF, as shown in Figure 3.1. Under quiescent condition, 

keratinocytes secreted growth factors in autocrine and paracrine 

signaling to maintain the cell-cell interactions and physiological 

functions. Consequently, exposure to chemical irritants will elevate 

the cytokines and growth factor secretions from keratinocytes in 

addition of cellular damage. Therefore, skin irritation also can be 

evaluated by observing changes in physiological function, such as 

blood vessels sprouting due to cytokines and growth factors release 

during the inflammation process.  
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Figure 3.1 Elevation of growth factors and cytokines during skin 

irritation.  
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Figure 3.2 shows the new platform of skin irritation evaluation 

based on angiogenesis responses in the proposed platform.  The 

microfluidic platform consists of multiple channels to mimic the skin 

structure of dermis and epidermis layers with endothelial cells to 

represent the blood vessel capillary of human skin. The proposed 

platform was comprised of two 800 µm wide channels to evaluate 

skin toxicity by exposing keratinocytes with chemical irritants. 

Human keratinocytes were seeded in channels adjacent to the 

human endothelial cells channel as the source of growth factors to 

enhance formation of functional vessel sprouts. Endothelial cells 

were seeded to induce angiogenesis formation through the fibrin 

with dermal fibroblasts in the left channel. 

In this study, keratinocytes were cultured in the fibrin gel. 

Whereas, keratinocytes were mostly cultured in 2D condition in 

reconstructing the epidermis, 3D matrix also gave advantage to the 

keratinocytes. Fibrin is a fibrous, non-globular protein that closely 

associates with fibronectin in blood clotting, a glycoprotein that was 

found in skin extracellular matrix [55]. Keratinocytes in fibrin has 

been used in skin reconstruction as an epidermal coverage for 

massive burn and as an epithelial-like layer [56]. 
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Figure 3.2 Schematic of the device and cells configuration for new 

microfluidic skin irritation model based on angiogenesis responses. 

Right Channel (RC), Left Channel (LC), Right Medium Reservoir 

(RR), Left Medium Reservoir (LR).  

 

A

Dermal Fibroblast

Vessel Sprouting

Irritants

Keratinocytes

LC

RC

 



 

 ４１ 

3.3.2  Effect of Keratinocytes on Angiogenesis  

 

The effect of quiescent keratinocytes with the assistance of 

dermal fibroblasts in enhancing angiogenic sprouting was conducted 

in this study. As shown in Figure 3.2, the microfluidic device 

consists of two 800 µm wide parallel center channels with side 

channels for mediums that were separated by 100 µm microposts to 

capture the hydrogels in the microfluidic device. Compared to other 

designs, this platform seeded dermal fibroblasts and keratinocytes 

in regions separated by 100 µm microposts, mimicking the in-vivo 

skin structure. In previous research, lung fibroblast has been used 

to provide growth factors, and VEGF that was secreted from 

opposite channel of fibroblasts have been reported to diffuse along a 

gradient to stimulate the angiogenic formation [19].  

Referring the same concept, growth factors that were secreted 

by keratinocytes will stimulate the vessel formation based on 

paracrine communication between endothelial cells and 

keratinocytes during vessel formation. The effect of quiescent 

keratinocytes towards angiogenesis, as shown in Figure 3.3 and 3.4 

were compared. Figure 3.3 shows the confocal images and Figure 

3.4 shows the quantifications of length, number and diameter of the 

vessels with and without quiescent keratinocytes.  
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Figure 3.3 Comparison of angiogenesis with keratinocytes (KC). For 

HUVEC only, fibrin was loaded at the right channel and for 

HUVEC-KC, keratinocytes were loaded at the right channel. 

Confocal images of (A) angiogenesis sprouting, (B) lumen formation. 

Samples were stained for CD31 (green) and nuclei (blue).    
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With the addition of keratinocytes, the average sprout length 

was increased from 466±16 µm to 524±10 µm. The number of 

sprouts were significantly improved with keratinocytes from 19±1 

µm to 21±1 µm, respectively. For further observation, we 

quantified the vessels diameter for both conditions. However, the 

sprouts diameter was decreased from 30±1 µm to 27±1 µm with 

keratinocytes interaction. As conclusion, quiescent keratinocytes 

enhanced length and number of vessels sprouting but not the vessel 

diameter. For further observation, Figure 3.3B shows the lumen 

formation with and without quiescent keratinocytes interaction. For 

both conditions, lumens were well observed with CD31 and Collagen 

IV marker.  

In-vivo, Dermis-Epidermis Junction (DEJ) that separates 

dermis and epidermis was composed with basal lamina proteins 

such as collagen IV, laminin and Bullous Pemphigoid Antigen (BPA) 

[57]. Therefore, here we observed the collagen deposition at 

microposts that separate left and right channel, as shown in Figure 

3.4A. Denser collagen IV deposition was clearly observed with 

keratinocytes interaction compared to without keratinocytes 

interaction. As previously report, keratinocytes produce most of 

basal lamina components such as laminin, collagen IV and collagen 

VII [57]. Besides keratinocytes, dermal fibroblasts also showed the 

effects either on stimulating the expression of basal membrane 

components or influencing the keratinocytes on basal membrane 

formation through a keratinocyte–fibroblast interaction [57,58]. 
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Figure 3.4 Comparison of angiogenesis with keratinocytes (KC). 

(A) Collagen IV deposition at the boundary of HUVEC-fibrin and 

HUVEC-KC interactions. Samples were stained for CD31 (green), 

nuclei (blue) and Collagen IV (red). (B) Vessels quantification for 

length, number and diameter. 

 

**

*

***

B

HUVEC-KC

A

100µm

HUVEC

100µm

HUVEC-KC

100µm

HDF in  Fibrin

Fibrin

KC in Fibrin

HDF in  Fibrin

 



 

 ４５ 

Our findings showed that vessel formation was enhanced with 

quiescent keratinocytes. Mesenchymal-epithelial communication 

between human keratinocytes and human fibroblasts may regulate 

the angiogenesis formation in this quiescent condition. 

Mesenchymal-epithelial paracrine interaction has been reported to 

regulate angiogenesis in skin homeostasis and other skin processes 

such as wound healing, inflammation and tumor promotion [59]. 

Fibroblast secreted growth hormones promote keratinocytes 

proliferation and migration and consequently improved epidermal 

morphology, such as during re-epithelization of wound healing 

[55,59]. At the same time, epidermal keratinocytes induced 

fibroblasts activities in producing soluble factors that enhanced 

keratinocyte proliferation [55, 59].    

The other factors that may regulate the angiogenesis formation 

in keratinocytes quiescent condition is VEGF. VEGF is an 

endothelial and microvessel hyperpermeability growth factor that is 

secreted by several kinds of cells including epidermal keratinocytes 

in normal skin condition with low to moderate VEGF expression has 

been observed in cultured keratinocytes [60,61]. VEGF produced 

by skin cells may affect the growth and the migration of endothelial 

cells from blood vessels and lymphatics in a paracrine manner [58].  

VEGF is mostly secreted in cultured keratinocytes, but the 

intracellular production at protein and nucleic levels with VEGF 

mRNA expression were also detected in all cells when both levels 

were elevated [58,60,61].  
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3.3.3  Effect of SLS on Keratinocytes 

 

SLS was used as an irritant agent since SLS irritation test was 

a well-established model for irritant contact dermatitis [62]. 

Human skin cells such as keratinocytes and dermal fibroblasts 

either in monolayer culture or organ culture produced various types 

of irritation such as redness, dryness, edema and scaly crusts when 

were exposed to some chemical agents such as all-trans retinoic 

acid, SLS and benzalkonium chloride [44]. SLS affected skin barrier 

integrity and consequently induced inflammatory cytokines from 

keratinocytes [10,63]. As a surfactant molecule with an irritant 

effect, SLS might penetrate the epidermis and incorporated into 

stratum corneum lipids [62].  

 

Figure 3.5 show the confocal images of keratinocytes in the 

fibrin hydrogel after 4 days SLS treatment. Keratinocytes 

proliferation decreased as SLS concentration increased by 

observing the Claudin-1, K14 and Live-Dead assay. The dead cells 

stained with EthD-1 increased as SLS concentration increased for 

Live-Dead assay.  
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Figure 3.5 Effect of SLS towards keratinocytes after 4 days of 

exposure in microfluidic. Confocal images of keratinocytes stained 

with (A) Clauidin-1 for tight junction, (B) K14 for basal keratin and 

(C) Calcein-AM for live cells and Ethidium-1 for dead cells.   
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For tight junction, it has been reported that cumulative 

application of SLS resulted in downregulation of claudin gene 

expression in humans [64]. In-vivo, disordered keratinocyte 

proliferation due to skin inflammation and altered tight junction 

protein expression, leading to stratum corneum barrier damage [63]. 

SLS can damage protein structures such as keratin, involucrin, 

profilaggrin, and loricrin, exposing new water binding sites and 

causing hyperhydration of the stratum corneum and disorganization 

of the lipid bilayers [10].  Consequently, single or cumulative 

exposure to chemical irritants leads to irritant contact dermatitis 

which involves skin barrier disruption, cellular changes, and release 

of proinflammatory mediators [9,10,63].  

For cell viability quantifications, keratinocytes monolayer was 

observed after 4 days of SLS treatments in 24 wells. Figure 3.6A 

show the bright-field images and confocal images of keratinocytes 

stained with Claudin-1 for tight junction and Hoechst for nuclei. 

Figure 3.6B show the quantifications for cell viability based on area 

of nuclei and tight junction after the treatment. With SLS treatment, 

keratinocytes behavior was characterized with the reduction cells 

attached to the surface. Compared to without SLS treatment, the 

area of nuclei decreased significantly to 88%, 68% and 65% after 

treatment with 10 µM, 20 µM and 30 µM SLS respectively. 

Compared to without SLS treatment, the area of tight junction 

decreased significantly to 74%, 50% and 35% after treatment with 

10 µM, 20 µM and 30 µM SLS respectively. 
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Figure 3.6 Effect of chemicals irritant towards keratinocytes 

viability after 4 days of SLS treatment in 24-wells. (A) Bright-

field images and confocal images of keratinocytes, stained for tight 

junction (green) and nuclei (blue). (B) Cell viability quantifications 

on (i) number of nuclei and (ii) area of nuclei.  
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These findings were supported by previous report that SLS 

affected the survival rate of keratinocytes [44,45]. Besides 

suppressed growth, contact irritants were cytotoxic for 

keratinocytes and induced histological changes such as hyperplasia, 

incomplete keratinization, loss of the granular layer, acantholysis 

and necrosis in organ-cultured skin at even at low concentrations 

[44]. For oral epithelial cells, at higher SLS concentrations, 

epithelial thickness, cell proliferation and E-cadherin expression 

gradually decreased, and cells detached from each other and 

underwent cell death.  

 

3.3.4  Effect of SLS on Angiogenesis 

 

Generally, cell viability is a common indicator for the toxic 

potential of chemicals [44,49,54]. However, the use of pathogenic 

mechanism-based biomarkers, such as inflammatory cytokine 

mediators, may increase predictive power for determining toxic 

potential of chemicals [54]. Measurements of VEGF and other 

cytokines expressed in the inflammation in human keratinocytes 

may provide better predictive sensitivity of their allergenic potential 

[54]. On the other hand, VEGF also is the main agent responsible 

for angiogenesis and vascular permeability. Therefore, for next step, 

we used microfluidic device as skin toxicity platform to investigate 

the effect of SLS irritants towards angiogenesis formation, as 

shown in Figure 3.7.  
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Figure 3.7 Effect of chemicals irritant towards angiogenesis after 4 

days of SLS treatment. (A) Confocal images and (B) quantification 

of angiogenesis sprouting. Samples were stained for CD31 (green) 

and nuclei (blue). 
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As observed in Figure 3.6, 20 µM and 30 µM SLS relatively 

gave the same effect towards keratinocytes toxicity based on nuclei 

area. Therefore, only SLS concentration from 0 µM to 20 µM were 

applied for the effect of chemical irritants towards angiogenesis in 

microfluidic platform. Compared to 10 µM, 20 µM gave significant 

effect on sprouts length towards control condition, 0 µM. The 

average sprouts length increased from 372±12 µm to 446±14 µm 

after 20 µM SLS treatment, whilst 384±16 µm after 10 µM SLS 

treatment. However, the number of angiogenesis sprouts were 

relatively same for all conditions, which were 21±1, 22±1 and 

23±1 for 0 µM, 10 µM and 20 µM SLS. Although the number of 

sprouts were relatively insignificant, the diameter of sprouts has 

significant difference between those three conditions. The average 

diameter of sprouts was about 24±1 µm, 27±1 µm and 35±1 µm 

for 0 µM, 10 µM and 20 µM SLS. Based on the observed data, SLS 

had the effect on angiogenesis morphogenesis that represent skin 

irritation.   

Both epidermal and irritants properties have been reported to 

have the significant role in skin irritation. Integrity of the epidermal 

barrier function plays an important role in the response of the 

human skin to irritants, but intrinsic nature of the irritant also 

leading to damage of the skin barrier [10]. Under exposure of 

chemical irritants, skin produced various types of irritation such as 

redness, dryness, edema and scaly crusts when were exposed to 

some chemical agents such as all-trans retinoic acid (ATRA), SLS 

and benzalkonium chloride [44]. 
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 These findings showed that SLS influenced angiogenic 

morphogenesis representative of skin irritation which can be 

explained by elevation of VEGF after being exposed to chemical 

irritant that enhanced angiogenic sprouting. VEGF levels either in 

single or repeated exposure skin were enhanced as compared to 

unexposed skin [65,66]. For example, in-vitro levels of VEGF was 

increased almost five-fold after a single SLS exposure of human 

keratinocyte [65]. SLS significantly increased VEGF in 

keratinocytes by affecting the gene transcription of both angiogenic 

VEGF-A and lymphangiogenic VEGF-C with VEGF-A as the main 

growth factor of vessel formation will lead to angiogenic formation 

[54]. Thus, as the level of VEGF increased, angiogenic formation 

also increased. Skin associated with angiogenesis will show 

prominent upregulation of VEGF expression by epidermal 

keratinocytes under various physiological conditions [41].   

Our microfluidic platform is the first in-vitro model that 

demonstrated the complex mechanism of angiogenesis formation in 

skin irritation. VEGF has been implicated in the pathogenesis of 

irritant contact dermatitis [65-67]. VEGF is a potent mediator of 

angiogenesis that stimulates the migration and proliferation of 

endothelial cells, facilitates vascular permeability, and induces the 

expression of adhesion molecules on endothelial cells [67]. Single 

or cumulative exposures of the skin to irritants can result in 

reactions such as edema, inflammation, erythema, dryness, redness, 

infiltration, scaling, fissuring, and vesiculation [9].  
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In cases of redness, a significant increase in the size and 

density of blood vessels was observed in reddened skin compared 

with non-reddened skin [68]. Consequently, higher VEGF-A 

expression was found in the epidermis of reddened skin compared 

to non-reddened skin [68]. VEGF-A is strongly upregulated in the 

hyperplastic epidermis of patients with inflammatory diseases such 

as psoriasis, contact eczema and atopic dermatitis. Overproduction 

of VEGF-A in atopic dermatitis results in vessel dilation and 

hyperpermeability [68].  

 

3.3.5 Effect of Steartrimonium Chloride 

 

Numerous chemicals were used as part of cosmetic ingredients 

but not many were studied intensively in cosmetic testing since 

these ingredients were determined to be safe in the present 

practices of use and concentration when formulated to be 

nonirritating [69]. This situation resulted in lacking clinical reports 

on irritation or sensitization on this type of chemical ingredients, 

including the trimonium compounds, which are formulated in 

hundreds of products [69]. Steartrimonium chloride, one of three 

quaternary ammonium salts that is used as cosmetic ingredients for 

surfactant-cleansing agents, hair-conditioning agents, and 

antistatic agents [69].  
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Figure 3.8 Effect of steartrimonium chloride on (A) keratinocytes 

proliferation and (B) angiogenesis after 2 days treatment. Samples 

were stained for K14(red), CD31(green) and nuclei (blue). 
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Steartrimonium chloride is safe for use in rinse-off products at 

concentrations of up to 0.25% in leave-on products by the 

Cosmetic Ingredient Review (CIR) Expert Panel in 1997. As far as 

our knowledge, there is no report regarding the use of this chemical 

in in-vitro skin irritation testing and thus, the irritation mechanism 

of this type of chemical is not well-studied. Previously in the early 

assessment, steartrimonium chloride was positive in in-vivo skin 

irritation study by using guinea pigs [70]. Later, another final 

assessment was conducted based on a single application of 

steartrimonium chloride on albino rabbits with finding that 

steartrimonium chloride at 79.2% was irritating at 1 h of exposure 

with erythema up to day 22 and edema up to 7 days [71]. 

Therefore, we used steartrimonium chloride as uncommon irritants 

agents in order to study the mechanism of this chemical towards 

angiogenesis response, as shown in Figure 3.8. We observed the 

effect of steartrimonium chloride towards angiogenesis formation 

and keratinocytes proliferation. 

Same as SLS, the increasing of chemical concentration 

increased the length of vessels sprouting. This preliminary finding 

was supported by previous animal study that showed the 

steartrimonium chloride is considered as a moderate hazard 

ingredient with effects on brain and nervous system and skin 

irritation at moderate doses. Therefore, our platform is applicable 

for the study the mechanism of various uncommon irritant agents in 

supporting the existing in-vitro and clinical skin irritation testing.     
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3.4 Conclusions 

 

Skin vascularization is needed to improve the irritation 

prediction that currently based on cytotoxicity alone. Thus, 

microfluidic was proposed as an alternative platform for co-

culturing the keratinocytes, dermal fibroblast and endothelial cells. 

Autocrine and paracrine communication between keratinocytes and 

dermal fibroblasts enhanced vessel sprouting and increased the 

collagen deposition. On the other hand, chemical irritant resulted in 

the elevation of angiogenic growth factors. Therefore, this platform 

successfully observes the effect of chemical on the irritation-

induced angiogenic sprouting activity of quiescent keratinocytes. 

The observation of angiogenesis to indicate skin toxicity can be a 

novel approach in replacing current avascular skin toxicity models. 

In addition, this microfluidic irritation model improved the 

understanding on the mechanism between irritation and 

angiogenesis. Besides irritants, this platform also can be used for 

other testing such as allergens and corrosives, that holds potential 

as a safety evaluation assay for cosmetic and drug testing 

applications.  
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Chapter 4. Development of New Mineralized 

Matrix for Bone Vascularization in Microfluidic 

 

4.1 Introduction 

 

Vascularized bone tissue models with microfluidic devices have 

been developed for investigating breast cancer metastasis to bone 

and cancer extravasation with osteo-cells microenvironment [32]. 

On the other hand, conventional in-vitro platforms of vascularized 

bone models also have been engineered for the evaluation of 

angiogenic potential [72] and for coupling with osteogenesis 

process [73]. For breast cancer bone metastasis, in-vitro 

mineralized tumor was developed with cancer cells only and able to 

induce secondary tumor [74].  

For many vascularized tissue engineering, fibrin has been 

numerously used as a model due to its advantages in producing 

functional blood vessels in-vitro [19]. In contrast, the fibrin 

hydrogels have the dense and low porosity structures with low 

mechanical strength [75]. Therefore, the addition of apatite as an 

inorganic reinforcing component was suggested to overcome the 

mechanical limits of hydrogels [21]. Besides, synthetic 

(hydroxyapatite) HA have properties similarity with the bone’s 

calcium phosphate such as the osteoconductivity and negligible 

immunoreactivity [76].  
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Nevertheless, recent study on endothelial networks formation 

incorporating HA in collagen-fibrin composite in 24-well plate is 

lacking similarity with the in-vivo systems [77]. The formed 

network did not demonstrate the effect of HA on natural derived 3D 

lumen formation that have a high level of complexity which was 

composed of endothelial cells repulsion, junctional rearrangement 

and shape change [78]. Perfusable lumen in-vitro is important for 

carrying drug testing or therapeutic treatment. Therefore, with 

limited mineralized bone tissue models, here we report new 

platforms incorporating HA on microfluidic chip for mimicking real 

bone angiogenesis.  At this moment, there is no report on 

microfluidic incorporating vasculogenesis or angiogenesis with 

mineral particles. In this chapter, fibrin was mixed with HA 

nanocrystals to mimic real bone tissue matrix with highly porous 

and interconnected structure of HA-fibrin scaffolds for the newly 

formed vessel sprouting. Using this platform, the effect of 

hydroxyapatite in enhancing angiogenesis process were observed 

by comparing the sprouts lengths, sprouting speeds, sprouts 

numbers, and lumen sizes.   
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4.2 Materials and Methods 

 

4.2.1 Fabrication of Devices 

 

A microfluidic device with 1000 µm wide central channel was 

used in this study. The microfluidic chip was fabricated by 

Polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning) mold 

embedded with channel structures that were patterned by standard 

photolithography photoresist SU-8 (MicroChem). PDMS mold was 

punched out by using a biopsy punch (6 mm) and a sharpened 

syringe needle (0.5 mm), to make reservoirs for the medium and 

hydrogel injection ports. A PDMS device and a glass coverslip were 

treated with air plasma for 1 min before establishing contact 

between them. The device was incubated in dry oven at a 

temperature of 80 °C for at least 48 h to restore hydrophobicity of 

PDMS. The devices were sterilized by UV irradiation before use.  

 

4.2.2 Cell Cultures 

 

Human umbilical vein endothelial cells (HUVEC, Lonza) were 

cultured in endothelial growth medium (EGM). Normal human lung 

fibroblasts (LF, Lonza) were cultured in fibroblast growth medium 

(FGM). All cells were incubated at 37 °C in a humidified having an 

atmosphere of 5% CO2. 
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4.2.3 ECM-Hydroxyapatite Preparation 

 

Hydroxyapatite nanocrystals with sizes smaller than 200 nm 

were sonicated in EGM medium for 40 min for particles dilution. 

The pure fibrin matrix (0% HA) was prepared by dissolving 2.5 

mg/mL bovine fibrinogen (Sigma) in PBS (Gibco), and supplemented 

with aprotinin (0.15 U/mL, Sigma), prior to mixing with thrombin 

(0.5 U/mL, Sigma), before it was left to clot at room temperature 

for 5 min. For obtaining the fibrin-HA matrix, the appropriate HA 

solutions (0.0% HA, 0.2% HA, and 0.4 %HA) were mixed with 

fibrinogen and aprotinin before mixing with thrombin. 

 

4.2.4 Angiogenesis Cells Seeding  

 

Angiogenesis cells seeding were conducted based on 

established procedure [19], as shown in Fig. 4.2. The bone channel 

was filled with fibrin-HA matrix and the side channel was filled 

with LF. After the fibrin gel polymerization, EGM was added to the 

designated reservoirs. The device was incubated for 24 h (37 °C 

and 5% CO2) to dissipate air bubbles and to let fibroblasts become 

established within the fibrin gel matrix. On the next day, HUVEC 

suspended in EGM at concentration of 6x106 cells/mL were adhered 

at the fibrin-HDF surface of left channel by tilting microfluidic chip 

at 90° for 30 min. 
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Figure 4.1 Angiogenesis in bone regeneration and bone repair. 

Hydroxyapatite nanocrystals and fibrin ECM encapsulating the blood 

vessels. 
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4.3 Results and Discussion 

 

4.3.1 Mineralized Matrix in Microfluidic 

 

The microfluidic consists of four parallel channels that were 

separated by 100 µm microposts gap which also facilitated the 

paracrine communications between endothelial cells (EC) and 

stromal cells during the vessel formation, as shown in Figure 4.2. 

Lung fibroblasts (LF) were selected as stromal cells due to the 

capability in secreting pro-angiogenic growth factors and 

extracellular matrix proteins that enhancing HUVEC morphogenesis. 

With presented HA nanoparticles in the fibrin ECM, these platforms 

more resemble the in-vivo bone tissue that mainly composed with 

stiff collagen ECM and calcium phosphate mineral that contribute on 

the hardness and rigidity of bone.  

Figure 4.2B shows the different structure between pure fibrin 

(0% HA) compared to fibrin with 0.05% HA, 0.10% HA and 0.30% 

HA. The images show that the HA particles distributed 

homogenously in the fibrin hydrogel and the particles obviously can 

be seen with the increase of the HA concentrations. Fibrin and HA 

polymerization were limited up to 0.4% HA since with 0.5% HA and 

above, the mixture of fibrin and HA could not polymerize in the 

microfluidic channel to form hydrogel-like structures.  
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Figure 4.2 Bone angiogenesis in microfluidic. (A) Schematic of the 

microfluidic chip with endothelial cells (EC) and lung fibroblasts 

(LF). (B) Angiogenesis cell seeding configuration with the image of 

fibrin incorporated with 0.00% HA, 0.05% HA, 0.10% HA and 0.30% 

HA (Scale bar = 50 µm). 
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In addition to prove that the distribution of HA within the fibrin 

in the microfluidic channel, fibrin-HA hydrogel was treated with a 

hydrophilic dye. Trypan blue does not adsorb into fibrin hydrogel, 

but incorporation of HA in greater dye adsorption to the hydrogel. 

Trypan Blue that selectively stained the ceramics also was used as 

a nonspecific indicator of adsorption potential of HA [79]. Thus, 

incorporation of HA able to alter the protein adsorption as well [79].   

 

4.3.2 Angiogenesis within Mineralized Matrix 

 

To confirm the effect of HA on blood vessel formation, we 

conducted angiogenesis experiments with different HA 

concentrations. Figure 4.3 shows the bright field images from day 0 

to day 4. Figure 4.4A shows the confocal images of angiogenesis 

vascular network that were established with 0.0% HA and 0.2% HA 

with the immunostaining shows the expression CD31 was 

concentrated at junctions between adjacent cells. Figure 4.4B 

shows the quantification of angiogenesis sprouts growth for various 

HA concentrations. With the addition of HA into the fibrin hydrogel, 

the average length of sprouts increased from 593 µm to 694 µm for 

0.0% HA and 0.2% HA respectively. With 0.3% HA and 0.4% HA 

the sprouts length was slightly decreased, which were 635 µm and 

585 µm respectively. Thus, the result shows that sprout length for 

0.0% HA and 0.4% HA were comparable. 
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Figure 4.3 Bright-field images of angiogenesis vascular network 

day by day for 0.0% HA, 0.1% HA, 0.2% HA, 0.3% HA and 0.4% 

HA (scale bar = 200 µm). 
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The similar results were observed on endothelial network 

formation in unconstrained collagen-fibrin-HA composite in 24 

wells with the addition of low levels of HA was successful in 

rescuing the vasculogenic response whilst higher HA levels were 

damaging the network formation [77]. The mechanism might be due 

to the modifications in cells proliferation and paracrine effects [77].   

Figure 4.5A shows the average speed of vessel sprouting from 

day 3 to day 4. The vessel sprouting for 0.2% HA has the fastest 

speed which was 6 µm/h, followed by 0.4% HA and 0.1% HA with 

3µm/h for both conditions. For both 0.0% HA and 0.3% HA, the 

speed were 2 µm/h and 1 µm/h, respectively. Incubation of 

endothelial cells with crystallized HA favored the cells adhesion, 

spreading and proliferation, inducing an activation of its cytoskeletal 

architecture without any cytotoxic effect. HA nanocrystals exhibit 

high biocompatibility for microvascular endothelium with maintained 

biochemical markers of healthy endothelium and express markers of 

functioning endothelium that might contribute to angiogenesis. 
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Figure 4.4 Vascular networks established by angiogenesis process. 

(A) Confocal images stained for CD31 (green) and Nuclei (blue) of 

0.0% and 0.2% HA (scale bar = 200 µm). (B) Quantification of 

angiogenesis sprouts growth at various HA concentration. 
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 Figure 4.5B and Figure 4.5D shows the effect of HA on the 

lumen formation for 0.0% HA and 0.2% HA. Lumen formation 

involves the complex molecular mechanism composed of endothelial 

cells repulsion at cell-cell contact within the endothelial cells cords, 

junctional rearrangement and endothelial cells shape changes [78]. 

Average lumen area for 0.2% HA were greater than 0.0 % HA, 

which were 5963 µm2 and 4044 µm2, respectively.  For more 

comparison, Figure 4.5C shows the number of sprouts at day 4 

were 19 and 26 for 0.0% HA and 0.2% HA, respectively. This result 

shows that by adding HA in to the fibrin, the number of sprout will 

increase.  

Besides the chemical effects such as VEGF, mechanical cue 

which is matrix stiffening also gave critical effect to the blood 

vessel formation especially angiogenesis [80]. Hydrogels containing 

higher hydroxyapatite concentration were significantly stiffer than 

the pure hydrogel [77]. ECM stiffness can modulate capillary 

formation as well as barrier integrity by altering endothelial 

responds towards to the chemical factor [80]. Consequently, more 

stable and larger lumens were formed with increased gel stiffness 

in 3D observed on rigid gels [4,81]. Matrix stiffness also influence 

endothelial cells elongation and sprouting in 3D environment 

resulting enhancing sprouting and outgrowth [82].  
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Figure 4.5 Vessel sprouting and lumen formation. (A) Speed of 

vessel sprouting. (B) Cross-sectional images a hollow lumen 

enclosed by endothelial cells (scale bar=200 µm). Quantification of 

(C) sprouts number and (D) lumens area at day 4. 
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4.3.3 Mechanism of Hydroxyapatite on Angiogenesis  

 

Figure 4.6 shows that schematic depiction of a proposed model 

for the effects of HA particles on bone angiogenesis. One of the 

important factors in developing bone mimicking scaffolds material is 

the ability to favor the endothelial cell, normally via the growth 

factors such as VEGF that have been reported as a critical 

chemotaxis factor for the vasculogenesis and angiogenesis. VEGF 

also involved with osteoblasts and osteoclasts differentiation that 

appear to enhance bone growth and repair in-vivo [83]. VEGFs are 

proved to be able to adsorb into HA nanocrystals surface and able 

to accelerate the angiogenesis [83, 84].  

On the other hand, the excessive hydroxyapatite particles might 

not allow the enough spaces for enhancing the angiogenesis. 

Adsorption and release of VEGF on porous hydroxyapatite ceramic 

that showed VEGF had a high adsorption and also slow release on 

porous hydroxyapatite ceramic due to the strong electrostatic 

attraction and also due to the nano-sized micropores of the HA 

surfaces [84]. Therefore, HA have been used widely as VEGF 

delivery systems due to its property.  
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Figure 4.6 Schematic depiction of a proposed model for the effects 

of hydroxyapatite particles on bone angiogenesis.  
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  Compared to high VEGF concentrations release, sustained 

release of VEGF increased the efficacy of VEGF delivery with 

prolonged bioavailability of low concentrations of VEGF that is more 

beneficial for bone regeneration [85]. Due to the continuous 

delivery of low concentrations of VEGF from calcium phosphate 

ceramics may increase the efficacy of VEGF administration [85]. 

Moreover, mesoporous hydroxyapatite with various pore size that 

were infused with VEGF able to gradually release VEGF and 

enhancing revascularization [84]. Gradual released of accumulated 

could promote the proliferation of HUVEC and leading to the rapid 

vascularization after implantation [84].  

On the other hand, the increasing of HA concentration will 

increase the growth factors adsorption and willl enhcance spouts 

formation only until a certain level. After the optimun level, the 

sprout formation will reduce with the excessive HA. High local 

concentrations of VEGF resulted in the formation of malformed and 

non-functional vessels due to change of angioblast behavior in 

normally avascular areas [86]. Besides that, high local VEGF also 

causes the loss of individual vessel identity due to alteration of the 

vessel lumen formation and vessel pattern resulted from the 

unregulated excessive fusion of vessel [86]. Furthermore, matrix 

metalloproteinase (MMP) increased with increased stiffness, 

resulting in decreases vessel density [87]. MMP regulate vascular 

structure by degrading elastic fiber and inhibit angiogenesis by 

generating angiostatin resulting in the reduction of microvascular 

density.  
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4.4 Conclusions 

 

With the important of blood vessel in bone engineering 

development, here we successfully mimic bone angiogenesis on 

microfluidic chip to overcome the limitation of current in-vitro 

models. This new platform integrated the fibrin extracellular matrix 

with the synthetic bone mineral HA to provide in-vivo like 

environment for bone vessel sprouting. The formation of 

angiogenesis network was observed with few HA concentrations. 

Thus, this bone angiogenesis platform is relevant for various 

applications either for drug screening or even for bone disease 

model. HA-incorporated 3D microvascular networks offer a new 

approach for investigation of complex biological phenomena as well 

as for analysis of drug responses and toxicities in bone tissues. 
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Chapter 5. Application of Microfluidic with 

Mineralized Matrix for Tumor Cells Inhibition 

 

5.1 Introduction  

 

The interaction between tumor cells and extracellular matrix 

(ECM) is one of the prominent factors on tumor cell invasion and 

metastasis that had become one of the major highlights on the war 

against cancer [88]. Aggressive tumor cells generally present high 

metastasis occurrence in fertile bone environment, contributing 

frequently to morbidity and mortality in patients with advanced 

cancers [74,88]. The uniqueness of bone microenvironment is 

because of inorganic mineral hydroxyapatite (Ca10(PO4)6(OH)2) 

(HA), which possesses excellent mechanical properties, including 

high stiffness and toughness, and at the same time, good 

biocompatibility and bioactivity [22]. Thus, synthetic HA 

nanoparticles have been used as an appetite substitute in biomedical 

applications to promote cells growth and to inhibit cells apoptosis. 

[23].  

Many in-vitro platforms have been developed to increase the 

understanding of the HA role in cancer metastasis. HA mineralized 

microenvironment can mediate bone cancer metastasis and 

consequently can induce secondary breast tumor formation because 

of the increase in cellular adhesion and proliferation [74,89,90]. 
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The addition of HA nanoparticles into the extracellular matrix has 

created a more physiological environment of in-vitro breast cancer 

bone metastasis [74,89,90]. Hydroxyapatite mineral composition is 

close to natural bone and less soluble than other calcium phosphates. 

In addition, hydroxyapatite did not increase the level of soluble 

calcium and phosphorous in harvested media and suggested the 

mineral effects was related to cell–material interactions between 

cell and hydroxyapatite [89]. 

Besides, HA nanoparticles have also been reported to have 

inhibitory function on the proliferation of many kinds of tumor cells, 

such as those of breast, colon, and gastric cancers, as well as of 

hepatoma cells [24-29]. However, there are still many limitations 

in these platforms that only focus on HA and tumor cells. The 

complexity of in-vivo tumor microenvironment (TME) is due to 

various non-cancer cells and their stromal cells, which influence 

cancer growth, which regulate tumor angiogenesis [30,31]. 

Previously, microfluidic device has been developed to investigate 

breast cancer metastasis and extravasation, but without considering 

the importance of mineralized environment [32]. 

Previous in vitro models of bone cancer metastasis mainly focus 

on breast or prostate cancers only. Compared to breast cancer or 

prostate cancer, bone metastases of gastric and colon has very poor 

prognosis due to a delayed diagnosis [91-95]. At present, no study 

has examined the behavior of colon and stomach cancer progression 

within HA incorporated matrix within microfluidic chip. Herein, 

colon cancers (SW620) and gastric cancers (MKN74) were 
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incorporated with HA within microfluidic platform to observe the 

effect of TME-HA on tumor proliferation and angiogenic response. 

Additionally, interactions between cancer spheroids and angiogenic 

sprouting were further observed in mimicking in-vivo 3D tumor.  

 

5.2 Materials and Methods 

 

5.2.1 Fabrication of Devices 

 

A microfluidic device with an 800 µm wide central channel was 

used in this study, as shown in Figure 5.1. The microfluidic chip 

was fabricated by Polydimethylsiloxane (PDMS, Sylgard 184, Dow 

Corning) mold embedded with channel structures that were 

patterned by standard photolithography photoresist SU-8 

(MicroChem). PDMS mold was punched out by using a biopsy punch 

(6 mm) and a sharpened syringe needle (0.5 mm) for the medium 

and hydrogel injection ports. A PDMS device and a glass coverslip 

were treated with air plasma for 1 min before establishing contact 

between them. The device was incubated in dry oven at a 

temperature of 80 °C for at least 48 h to restore hydrophobicity of 

PDMS. The devices were sterilized by UV irradiation before use.   
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5.2.2 ECM-Hydroxyapatite Preparation 

 

Hydroxyapatite nanocrystals with sizes smaller than 200 nm 

were sonicated in EGM medium for 40 min for particles dilution. 

The pure Fibrin matrix (0% HA) was prepared by dissolving 2.5 

mg/mL bovine fibrinogen (Sigma) in PBS (Gibco), and supplemented 

with Aprotinin (0.15 U/mL, Sigma), prior to mixing with Thrombin 

(0.5 U/ml, Sigma), before it was left to clot at room temperature for 

5 min. For obtaining the fibrin-HA matrix, the appropriate HA 

solutions (0.0%, 0.2%, and 0.4%) were mixed with fibrinogen and 

aprotinin before mixing with thrombin.  

 

5.2.3 Cells Culture 

 

Human umbilical vein endothelial cells (HUVEC, Lonza) were 

cultured in endothelial growth medium (EGM). Normal human lung 

fibroblasts (LF, Lonza) were cultured in fibroblast growth medium 

(FGM). Human colon cancer (SW620, ATCC) and human gastric 

cancer (MKN74, Korean Cell Line Bank) were cultured in (DMEM, 

Gibco), and supplemented with 10% fetal bovine serum and 1% 

penicillin/streptomycin. All cells were incubated at 37 °C in a 

humidified having an atmosphere of 5% CO2. 
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5.2.4 Tumor Cells Proliferation 

 

The configuration of the channels is shown in Figure 5.2. The 

left and right channels were injected with dissociated LF (8x106 

cells/mL). SW620 or MKN74 (8x106 cells/mL) were mixed with 

fibrin of 0.0% HA, 0.2% HA, and 0.4% HA before being injected into 

the central channel, followed by 3 min of polymerization at room 

temperature. After fibrin gel polymerization, EGM medium was 

introduced into the cell culture medium channels and the devices 

were incubated at 37° C in a humidified having an atmosphere of 5% 

CO2.  

 

5.2.5 Angiogenesis in Tumor Microenvironment 

 

 As shown in Figure 5.3, the right channel was injected with the 

mixture of fibrin-HA (0.0% HA, 0.2%, and 0.4% HA), LF (8x106 

cells/mL) and SW620 or MKN74 (8x106 cells/mL). Briefly, 

dissociated LF and SW620 or MKN74 cells in EGM medium were 

mixed at 1:1 volume ratio, before mixing with fibrin-HA. The 

device was incubated for 24 h to dissipate the air bubbles and to 

establish the tumor microenvironment within the mineralized matrix. 

HUVEC suspended in EGM at a concentration of 8x106 cells/mL 

were introduced at the boundary of the central channel. The 

microfluidic chip was tilted by 90° for 30 min for adhering the 

HUVEC onto the fibrin-HA surface. The devices were filled with 

EGM medium, and were incubated at 37 °C and 5% CO2. 
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5.2.6 Growth Factor and Cytokines Quantification 

 

To collect medium for further ELISA analysis, 24 well-plates 

were used. The 24 well-plates were loaded with the mixture of 

fibrin-HA, LF (8x106 cells/mL) and SW620 or MKN74 (8x106 

cells/mL). Briefly, dissociated LF and SW620 or MKN74 in EGM 

medium were mixed at 1:1 volume ratio before mixing with fibrin-

HA prior to mixture loading into the 24 well-plates. Each well-

plate was filled with EGM medium and was incubated at 37 °C and 

5% CO2. After 3 days, the medium from all wells was collected for 

ELISA analysis, based on the standard procedure [96].   

 

5.2.7 Angiogenesis and Tumor Spheroids 

 

Recombinant human osteopontin (Peprotech Korea) was diluted 

to 100 µg/ml in PBS.  SW620 spheroids were prepared based on 

the hanging drop method [97]. SW620 were mixed with LF at 1:1 

ratio, with concentration of 2000 cells/20 µL for both cells. After 7 

days, the spheroids were collected and were mixed with fibrin-HA 

(0.0% HA, 0.4% HA and 0.4% HA+Osteopontin) before were 

introduced into the central channel. Meanwhile, right channel was 

injected with LF (4x106 cells/mL) and fibrin matrix. EGM medium 

was loaded into the chip reservoir after fibrin gel polymerization. On 

the next day, HUVEC suspended in EGM at a concentration of 8x106 

cells/mL were adhered onto the fibrin-HA by tilting the microfluidic 
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chip at 90°for 30 min. The devices were filled with EGM medium 

and were incubated at 37 °C in a humidified 5% CO2 atmosphere. 

 

5.2.8 Immunostaining and Imaging 

 

Samples were fixed based on the standard procedure before 

conducting the immunostaining. Samples were stained and incubated 

at 2 days at 4 °C with the respective primary antibody, before 

staining with Hoechst 33342 (1:1000) for 1h on the next day. For 

blood vessel observation, CD31 primary antibody (Alexa Fluorl 647 

and Alexa Fluorl 488) with dilution ratio of 1: 150 was used. For F-

actin observation, Phalloidin (Alexa Fluorl 488) with dilution ratio of 

1: 150 was used. The samples were washed three times and stored 

in PBS before imaging. For cross-section and overview imaging of 

3D blood vessels, stained samples were examined using a FluoView 

FV1000 confocal laser scanning unit with IX81 inverted microscope 

(Olympus). Confocal images were processed by IMARIS software 

(Bitplane).   

 

5.3 Results and Discussion 

 

5.3.1 Mineralized Tumor Microenvironment 

 

Figure 5.1 shows a new tumor microenvironment in a 

microfluidic device that incorporates cancer cells, stroma cells 
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(fibroblasts), endothelial cells and hydroxyapatite within a 

microfluidic device, as shown in Figure 5.1. The microfluidic 

devices consist of five parallel channels, separated by 100 µm gaps 

using microposts to prevent leakage and to capture the hydrogels.                                                                                                                                                                                                                     

 

5.3.2 Tumor Cells Proliferation 

 

Figure 5.2 show the observation on the effect of hydroxyapatite 

on SW620 and MKN74 proliferation. Tumor cells were incubated 

together with 0.0% HA, 0.2% HA and 0.4% HA with additional LF as 

representative of stromal cells. SW620 and MKN74 proliferation 

was observed by staining with F-Actin and the images were 

quantified based on number of cells at 0.0% HA, 0.2% HA, and 0.4% 

HA. For both tumors, the number of cells decreased with increasing 

HA concentration. Compared to SW620, MKN74 exhibits better 

proliferation with the interaction with HA. Therefore, these findings 

suggest that HA exert the anti-proliferation effect by inducing 

apoptosis in cancer cells. HA nanoparticles have been reported to 

inhibit proliferation and induce nucleus damage and cell apoptosis 

[24-28]. Compared to fibrin only, the matrix of HA was 

significantly stiffer than the pure fibrin hydrogel [77].  

 

 

 

 

 



 

 ８３ 

 

 

 

 

 

 

 

 

Figure 5.1 Engineering mineralized tumor microenvironment in 

microfluidic device. (A) Tumor microenvironment with cancer cells, 

stroma cells (fibroblasts), endothelial cells and hydroxyapatite. (B) 

Schematic overview of the microfluidic device.      
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Figure 5.2 Effect of hydroxyapatite on SW620 and MKN74 

proliferation. (A) Microfluidic channels configuration for observing 

tumor cells proliferation with different HA concentrations. (B) 

Quantification on number of cells based on (C) confocal images 

(scale bar = 100 µm).  
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5.3.3 Angiogenesis with Mineralized Tumor Microenvironment  

 

Controlling tumor-associated angiogenesis has been suggested 

as a promising tactic in limiting cancer progression since tumors 

meet the metabolic and nutritional needs through the complex 

vascular network [98].  Here, the effect of TME-HA in inducing 

angiogenesis was observed by injecting tumor cells and fibroblasts 

within fibrin-HA to the side channel prior endothelial cells seeding, 

as shown in Figure 5.3.  

Generally, additional HA within TME reduced angiogenesis 

formation, observed by the decreasing of sprouts length as the 

concentration of HA was increased for both MKN74 and SW620. 

For SW620, the sprout lengths were 393±50 µm, 300±37 µm and 

237±40 µm, at 0.0% HA, 0.2% HA and 0.4% HA, respectively. For 

MKN74, the sprout lengths were 445±69 µm, 337±49 µm and 

246±56 µm, at 0.0% HA, 0.2% HA and 0.4% HA, respectively. 

In-vivo tumor microenvironment composes of a variety of cells 

which comprises numerous signaling molecules and pathways that 

influence angiogenic response from nearby vessel for tumor cell 

intravasation prior to extravasation by adhering to the vessel wall, 

transmigrating across the endothelium, and invading ECM [98]. For 

both SW620 and MKN74, the angiogenesis sprouting showed 

distinct morphological inhibition with the addition of HA in tumor 

microenvironment. Therefore, addition of HA effected the release of 

growth factors and cytokines from the tumor cells and fibroblast 

and consequently regulated the angiogenesis formation.  
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Figure 5.3 Effects of HA-TME on angiogenesis sprouting. (A) 

Microfluidic channels configuration for observing angiogenesis 

formation with different HA-TME conditions. (B) Quantification on 

average sprouting length based on (C) confocal images (scale bar = 

100 µm).  
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On the other hand, HA has been reported able to enhance 

angiogenic sprouting properties due to the strong electrostatic 

attraction that was adsorbing VEGF onto HA and thus accelerating 

angiogenesis process [83-84,99]. Therefore, in understanding the 

mechanism of HA towards SW620 and MKN74 in secreting 

angiogenic signaling molecules, ELISA experiment was conducted to 

quantify the relevant growth factors and cytokines after 3 days of 

incubation. In this study, we quantified the release of vascular 

endothelial growth factor (VEGF), tumor necrosis factor (TNF-α) 

and transforming growth factor (TGF-β) that significantly regulate 

angiogenesis formation, as shown in Figure 5.4.  

The TNF-α value for SW620 mineralized co-culture decreased 

slightly from 324 pg/mL at 0.0% HA to 304 pg/mL at 0.2% HA, but 

decreased significantly to 159 pg/mL at 0.4% HA. Unpredictably, 

the TNF-α value for MKN74 mineralized co-culture was the 

highest at 0.2% HA with 471 pg/mL, compared to 0.0% HA and 

0.4% HA, with 218 pg/mL and 198 pg/mL, respectively. For TGF-β, 

values for SW620 mineralized co-culture were relatively similar at 

all concentrations, being 347 pg/mL, 355 pg/mL, and 353 pg/mL for 

0.0% HA, 0.2% HA and 0.4% HA, respectively, as shown in Figure 

5.4B. For MKN74 mineralized culture, TGF-β values increased 

significantly as the HA concentration increased, with the highest 

TGF-β value of 398 pg/mL at 0.4% HA. The TGF-β values for 

0.0% HA and 0.2% HA were 327.5 pg/mL and 377 pg/mL, 

respectively. Therefore, compared to SW620, MKN74 shows a 

different tendency towards the effect of HA on TGF-β. 
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Figure 5.4 Quantification of angiogenic growth factors and cytokines 

(TNF-α, TGF-β and VEGF) with different HA concentrations.  
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For VEGF, values for SW620 increased as the HA concentration 

increased significantly, with the highest VEGF values being 3397 

pg/mL at 0.4% HA. The VEGF values for 0.0% HA and 0.2% HA 

were 2231 pg/mL and 3001 pg/mL, respectively. The value of 

VEGF for MKN74 slightly decreased to 2984 pg/mL and 2915 

pg/mL, respectively, as the HA concentration increases from 0.0% 

HA to 0.2% HA, respectively, with the lowest value being 2562 

pg/mL for 0.4% HA. 

Generally, the finding on growth factor and cytokines release 

were not showing any specific tendency to relate with angiogenesis 

formation for both SW620 and MKN7. For example, SW620 showed 

the significant increasing on VEGF as HA concentration was 

increased, but obviously contrast with the angiogenesis formation 

trend. VEGF obviously is a potent vascular growth factor that able 

to stimulate proliferation and migration of endothelial cells on 

angiogenesis sprouting process. Therefore, besides VEGF, 

combination of TGF-β and TNF-α signaling was believed to 

contribute to angiogenesis morphology changes in tumor 

microenvironment.  

TNF-α has been reported to enhance angiogenesis with not 

only as an autocrine growth factor but also induced other cytokines, 

angiogenic factors and MMPs, thus contributing to the increased 

growth and survival of tumors cells [85,100,101]. On the other 

hand, TGF-β controlled many cellular aspects including 

angiogenesis and immunosuppression that eventually suppressed 

tumor progression towards cancer metastases with a marked 
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increase of TGF-β manifestation has usually correlated to the 

advanced stages of malignancy and metastases [102]. Based on the 

finding for MKN74, TNF-α and TGF-β value 0.2% HA were 

significantly higher than 0.0%HA, however the angiogenesis was 

significantly reduced compared than 0.0% HA. Hence, this result 

was supported by recent report that the combination of TGF-β and 

TNF-α markedly inhibit the sprouting morphogenesis [103]. 

Besides, the finding indicates that both tumor cells had same 

trend for TGF-β, with MKN74 show more significant increasing in 

the secretion value compared to SW620, as HA concentration was 

increased. Previously, co-culture of tumor cells and fibroblasts has 

been reported to consistently decrease the overall secretion of 

TGF-β [103]. Therefore, this study clearly establishes new finding 

that the addition of HA improved the TGF-β secretion compared to 

without HA condition. Compare to TNF-α, TGF-β was more 

favorable with HA matrix might be due to involvement of TGF-β in 

regulating normal bone remodeling and bone formation as well as 

bone resorption in bone tissue [102]. Therefore, this study 

suggests that signaling molecules in tumor microenvironment were 

complex and thus further intensive in-vitro study is needed. 

 

5.3.4 Tumor Spheroids with Hydroxyapatite  

 

3D tumor spheroids that were formed via self-assembly 

process of cells suspension aggregation have protein and gene 

manifestation profiles that are closer to clinical and in-vivo profiles 
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[104-106]. 3D tumor spheroids recapitulate cell–cell and cell–

matrix interactions between tumor cells and the microenvironment 

[106,107]. The effect of osteopontin on tumor growth was 

investigated due to the capability in anchoring cells to the minerals 

[108]. In-vivo avascular tumor or in-vitro tumor spheroid is 

growing continuously until reaches a size of passive diffusion that 

no longer allows nutrients nor waste products to leave the tissue 

[109]. Later, the multicellular tumor spheroid may remain dormant 

until sufficient vascularization or angiogenesis begin to develop that 

lead to rapid tumor growth and metastases [109-110].  

The interaction between tumor spheroid and vessel is one of 

the key factors in establishing tumor microenvironment in-vitro. 

The migration of endothelial cells into the tumor spheroid resulted 

in the vascularization of the tumor spheroid [111,112]. This 

interaction resulted in a significant amount of growth in spheroid 

size and also in the disappearance of the central necrosis [109]. In 

this research, tumor spheroids were incorporated within mineralized 

tumor microenvironment to mimic the interaction between tumor 

spheroids with the blood vessel sprouting, as illustrated in Figure 

5.5.  

 

 

 

 

 



 

 ９２ 

 

 

Figure 5.5 Interaction between SW620 tumor spheroids and blood 

vessels sprouting within TME-HA with the effect of osteopontin. 

(A)Microfluidic channels configuration, (B) number of blood vessels 

and C) number of tumor spheroids. (D-F) Confocal images of (i) 

blood vessels with tumor spheroids and (ii) tumor spheroids growth 

(scale bar = 100 µm). Samples were stained for CD31 (red), F-

actin (green), nuclei (blue).  

 

 

 



 

 ９３ 

As shown in Figure 5.5B and 5.5Di-Fi, angiogenesis sprouts 

were well observed for 0.4% HA and 0.0% HA, whilst 0.4% 

HA+Osteopontin show less preferable sprouts formation. However, 

number of micro-spheroids for 0.0% HA and 0.4% HA+Osteopontin 

were greater than 0.4% HA, as shown in Figure 5.5C and 5.5Dii-Fii.  

The results indicate the addition of HA resulted in lower number of 

tumor microspheroids growth with no significant difference in 

angiogenesis formation. On the other hand, the addition of 

osteopontin to HA matrix enhanced the growth of tumor 

microspheroids but not the angiogenesis vessel formation. This 

indicates that osteopontin able to counter fight the anti-

proliferation effect of HA and can lead to tumor cells mortality and 

growth.   

Even though the number of sprouting was decreased with 

osteopontin, the number of spheroids was significantly higher than 

0.4% HA. This finding indicated the important contribution of 

osteopontin as the bone matrix protein. Besides playing an 

important role in bone biomineralization, osteopontin plays a pivotal 

role in regulating tumor progression and tumor metastases 

[113,114]. Osteopontin had ability in transforming normal cells into 

malignant cells, through inhibition of apoptosis and activation of 

various matrix-degrading protease that lead to cancer cell motility, 

tumor growth and metastasis [114].  
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5.4 Conclusions 

 

As conclusions, a new in-vitro mineralized tumor 

microenvironment was successfully developed by incorporating 

SW620 and MKN74 into the microfluidic platforms in mimicking 

tumor proliferation, tumor angiogenesis and tumor spheroid-

vascular interaction. The findings concluded that addition of HA 

inhibited the tumor proliferation and angiogenesis formation, and at 

the same time contributed to the upregulation of TGF-β.  

Therefore, besides VEGF signaling, combinations of TGF-β and 

TNF-α effected the angiogenesis within tumor microenvironment.   

The interaction of tumor spheroid and angiogenesis sprouts was 

also successfully observed with additional bone matrix protein 

regulated the tumor growth. These findings gave clear 

understanding on the role of hydroxyapatite and osteopontin in 

tumor microenvironment. Thus, vascular formation and spheroids 

growth can be regulated by incorporating hydroxyapatite and 

osteopontin within microfluidic device.    

On the other hand, this work that specifically focus on gastric 

cancer and colon cancer gave more understanding on bone 

metastasis phenomena of these cancer types. Thus, this platform 

indirectly contributes in improving the clinical prognosis and 

diagnosis to enhance the survival rate and to improve the life quality 

of cancer patients.  
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Chapter 6. Conclusions  

 

Organ on chip platforms have high potential as alternatives to 

replace animal testing for toxicological applications since animal 

models do not accurately predict the effects of chemical exposure in 

humans. In addition, the microvascular systems have been proposed 

as efficient 3D in-vitro models for studying complex biological 

phenomena in tissues. Therefore, vascularized organ on chip 

platform is suggested as alternatives to solve the current problems 

in toxicity studies. Here, new platforms based on vascularized 

microfluidic for skin and bone toxicity testing were successfully 

developed. 

The integration of perfusable vascular networks and skin 

keratinocytes with open-top microfluidic device was successfully 

developed. Vascular networks based on either vasculogenesis or 

angiogenesis is advantageous for further applications of the devices. 

Besides, open-top chamber enables various chemicals testing to be 

apply for various toxicity testing that mostly based on transwells 

system. Then, a simple microfluidic skin irritation platform was 

successfully developed to improve current prediction that mostly 

based on cytotoxicity. The observation of angiogenesis responses 

to indicate skin irritation can be a novel approach in replacing 

current avascular skin toxicity models. In addition, this microfluidic 

irritation model improved the understanding on the mechanism 

between irritation and angiogenesis. 
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With the important of blood vessel in bone engineering 

development, bone angiogenesis on microfluidic chip was 

successfully developed to overcome the limitation of current in-

vitro models. Integration of fibrin extracellular matrix with the 

synthetic hydroxyapatite provided in-vivo like environment for 

bone blood vessels sprouting. Then, mineralized microfluidic was 

used for further investigations on the hydroxyapatite inhibition 

towards tumor cells proliferation and angiogenesis formation. The 

interaction of tumor spheroid and angiogenesis sprouts was 

successfully observed with addition of osteopontin regulated the 

tumor growth.  

Although more studies are still required, the proposed skin and 

bone platform offers new approaches for analysis toxicities in bone 

and skin tissues. The developed skin on chip platforms can be an 

alternative platform to existing avascular skin models for testing 

various cosmetic ingredients and drug testing. On the hand, the 

developed bone mineralized platform is relevant for various 

applications of drug screening as well as for bone disease model. 

Thus, these platforms can be alternatives solution to meet the 

toxicity testing requirements in pharmaceutical and cosmetic 

industry. 
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Abstract 

 

   이 논문은 피부 및 뼈에 별도로 초점을 맞춘 장기 독성 연구를 

위해 혈관 형성을 기반으로 한 분석 방법을 개발한 것으로 멀티 스케일 

미세 유체 기술을 적용하였습니다. 현재 세포 미세환경을 모사하는 장기 

온 칩 플랫폼의 개발이 활발히 개발되고 있으며 피부 및 뼈 조직 공학 

또한 이 새로운 기술의 도입성을 중요시하고 있습니다.  

피부의 체외 모델을 만드는 것은 어려운 일이지만 많은 연구자들이 

skin-on-chip 모델을 구축하며 해당 연구 분야를 발전시키고 있습니다. 

하지만 지금의 모델에는 관류 된 혈관이 존재하지 않는데, 이는 피부 

자극, 피부 염증 및 피부암 연구 및 해당 약물을 연구하는데 어려움을 

주고 있습니다. 따라서 우리는 피부의 해부학 구조를 모방하며 관류 

가능한 혈관이 도입된 모델을 제시하는데 해당 모델은 다공성 막으로 

구분되어 있고 외부 환경에 노출이 되어있는 구조입니다. 이 장치의 맨 

위층에는 피부 각질 형성 세포가 분포되어 있고 바닥층에는 피부 해부학 

구조가 고려된 관류 된 혈관 형성층이 존재합니다. 게다가 이 플랫폼은 

다양한 약제 및 화학 약품 테스트에도 편리하므로 향후 무혈관 피부 

모델의 대체 플랫폼이 될 수 있습니다. 

그러한 목적을 실현하기 위해 피부 자극 반응을 모사한 체외 

미세유체 칩 플랫폼을 개발하였습니다. 움직이지 않는 각질형성세포는 

autocrine과 paracrine의 상호 작용을 유지하기 위해 지속적으로 사이토 

카인을 생산합니다. 물리적 또는 화학적 자극에 반응하여, 

각질형성세포는 다양한 사이토 카인 및 성장 인자를 분비하여 혈관 

신생과 같은 피부 염증을 유발합니다. 제안된 피부 독성 모사 미세 유체 

모델에서 혈관 신생의 정량화를 기반으로 피부 손상을 평가합니다. 

화학적 염증 자극에 대한 혈관신생 촉진 현상에 대한 개념적 증명으로써, 

로릴황산나트륨 처리된 정지 각질 세포에서 혈관 신생이 활발한 것을 

확인하였습니다. 제안된 플랫폼은 화장품 및 제약 테스트 

어플리케이션에서 추가 피부 독성 분석을 위한 잠재적 플랫폼으로 

활용될 수 있습니다. 
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뼈조직을 모방한 현재의 체외 시스템은 3차원 미세 혈관 및 뼈 

조직의 미세 환경을 완전히 통합하지 못하여 체내 유사성이 낮습니다. 

이 논문에서는 미세 유체 장치를 통해 혈관성 뼈 조직을 모사하기 

위해서 hydroxyapatite(HA)에 포함된 3D 미세 혈관 네트워크의 구현을 

제안했습니다. 미세 유체 칩에서 다양한 농도의 HA에 반응하여 혈관 

신생이 민감하게 조절됩니다. 따라서 이 뼈-혈관 신생 플랫폼은 약물 

검사 또는 뼈 질환 모델에 대한 다양한 어플리케이션에 적용될 가능성이 

큽니다. 우리의 HA를 도입한 3D 미세 혈관 네트워크는 복잡한 

생물학적 현상뿐만 아니라 뼈 조직에서 약물 반응 및 독성 분석을 위한 

새로운 접근 방법을 제공합니다. 

대부분의 종양 세포는 뼈의 미세 환경에서 1차 혹은 2차 전이가 

고도로 진행됩니다. 많은 체외 플랫폼이 개발되었지만 뼈 암의 전이 

메커니즘은 아직 명확하게 밝혀지지 않았습니다. 이 논문에서  우리는 

종양세포와 기질세포를 HA에 3차원 배양함으로써 종양 전이 환경을 

모사하였습니다. 종양 전이 환경에서 중요한 세포 외 기질에 따른 혈관 

신생 반응을 대장암 및 위암의 경우에 관해 조사했습니다. 종양 

스페로이드와 혈관 신생 사이의 상호 작용을 광화된 종양 미세 환경 

내에서 관찰했으며 뼈 오스테오폰틴은 종양 성장에 현저한 영향을 

주었습니다. 그러므로 본 연구는 광화된 종양 미세 환경에서의 3D 체외 

플랫폼을 새롭게 제공합니다. 

 

주요어: 미세 유체, 뼈, 피부, 혈관 신생, 혈관 형성, 독성 연구 
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